Abstract: Molybdenum carbene complexes supported on Al 2 O 3 /methylaluminoxane/diol based carriers were tested in continuous metathesis reactions. For investigations on the stability of the heterogenized complexes, a small tubular reactor filled with catalyst powder was used. When mixing cyclic monomers with chain-transfer agents, we were able to run ring-opening metathesis polymerization (ROMP) via the supported carbenes in a continuous process. Furthermore, continuous acyclic metathesis reaction (ACM) and ring-closing metathesis reaction (RCM) were investigated. Results show that the stability of these molybdenum carbene complexes depends on the concentration of methylidene carbenes formed during the reactions.
Introduction
Since the 1980´s, molybdenum carbene complexes of the Schrock-type like Mo(CH-tBu)(NAr)(OC(CF 3 ) 2 CH 3 ) 2 and Mo(CH-t-Bu)(NAr)(OC(CH 3 ) 3 ) 2 (Ar = 2,6-C 6 H 3 -i-Pr 2 ) [1] have been employed in ring-opening metathesis polymerization (ROMP) [2, 3] , acyclic metathesis (ACM) and ring-closing metathesis reactions (RCM) [4] .
The high interest in these complexes is caused by their well-defined active species. Classical metathesis initiators, which are mainly based on transition metal halides and different alkylating cocatalysts, do not show these defined structures.
Carbene complexes are often called 'living' polymerization catalysts. Though they are still active after all monomers are polymerized, the molybdenum carbenes are usually detached from the polymer chains and destroyed simultaneously by adding aldehydes.
We were interested in a method to reuse these complexes. Therefore, an easy method of separation from the reaction solution was necessary. Recently, we published a method how to support molybdenum carbene complexes on Al 2 O 3 [5] . Some attempts were also made to attach the ruthenium carbene complexes RuCl 2 (PPh 3 ) 2 (=CHPh) or RuCl 2 (PCy 3 ) 2 (=CHPh) on organic and inorganic carriers [6] .
For fixing the molybdenum complexes onto an inorganic carrier, we followed the last step of the synthesis -published by Schrock et al. -on its surface. To increase the specific surface of the carrier, alumina was covered by a 10 nm thick layer of methyl-aluminoxane (MAO) and a fluorinated diol, where the Al-OR bond was used to heterogenize the molybdenum complex by exchange of the OTf-ligand of Mo(CH-tBu)(NAr)(OTf) 2 (dme) (Ar = 2,6-C 6 H 3 -i-Pr 2 ) [5] . (OTf: triflate; dme: dimethyl ethylene glycol).
When running ACM and RCM the fixed complexes work as catalysts. Products are continuously detached from the active species and can be removed in a continuous process. When running ROMP the polymer chains grow from the active species, but are not detached. Therefore the use of a chain-transfer agent, which was already employed successfully for regulation of the molecular weights in ROMP [7] , was tested in a continuous polymerization process.
Besides these molybdenum carbene complexes, also RuCl 2 (PCy 3 ) 2 =CHPh was heterogenized and tested in the tubular reactor. These results will be published soon.
Results and discussion
In this paper we describe the first use of molybdenum carbene complexes in continuous metathesis reactions. A small tubular steel reactor filled with the heterogeneous catalyst was tested. Mo(CH-t-Bu)(NAr)(OTf) 2 (dme) (Ar = 2,6-C 6 H 3 -i-Pr 2 ) was supported on Al 2 O 3 as described earlier [5] . The system was used to study ringopening metathesis polymerization, acyclic metathesis and ring-closing metathesis reactions. The first reaction we studied was ring-opening metathesis polymerization. Here, the use of a chain-transfer agent was necessary to run a continuous process. Otherwise the polymer chains grow on the carrier grains, but they cannot be removed from the reactor. When running a polymerization process with only norbornenyl actetate, the pressure inside the system was raising gradually within 15 min. At a pressure of 30 bar, the pump was shut down automatically. When opening the reactor, it was clogged by polymer. Therefore, we added acyclic olefins as chain-transfer agents (Scheme 1). The acyclic olefins we investigated were 1-hexene and 4-octene. The monomer was again norbornenyl acetate (Tab. 1, runs 1 and 2). When running an experiment with 1-hexene (run 1) we found a fast loss of activity. We assume that this is caused by the instability of methylidene carbene complexes which are formed by reaction of 1-hexene. Therefore, we also tested 4-octene as a chain-transfer agent (run 2), because in that case no unsubstituted methylidene carbenes can be formed. When comparing the turnovers (Fig. 1) we found a loss of 50% when using 1-hexene after about 50 min, whereas with 4-octene it was after about 100 min. Nevertheless, in both reactions the activity decreased rapidly. 1-Hexene was used to study acyclic metathesis reactions (run 3). Here the activity was nearly zero after 20 min. We also investigated ring-closing metathesis of 1,7-octadiene. In run 4 the catalysts were inactive after 40 min. In both cases the concentration of methylidene carbenes is high. We assume that this is again a reason for the fast loss of activity.
Conclusions
We reported a process for a continuous metathesis reaction with supported molybdenum carbene complexes. When running this process, we had to use a chaintransfer agent to detach the polymer chains during polymerization. Otherwise the reactor was closed by the growing polymer chains. We were able to show that the activity of the system depended on which acyclic olefins we used for chain-transfer. The higher the content of methylidene carbene complexes during the process, the faster the loss of activity. In this paper we showed that it was possible to use supported carbene complexes for the continuous process. However, the loss of activity is too high for an interesting continuous process when employing the very active molybdenum carbene complexes. Therefore, other more stable carbene complexes have to be tested in the near future.
Experimental part
All operations were carried out in an inert atmosphere, with Schlenck techniques under argon or in a glove box under nitrogen. Solvents were dried with Na/K alloy, 1-hexene, 4-octene and 1,7-octadiene with CaH 2 . Norbornenyl acetate was obtained from Aldrich and the monomer was purified by vacuum distillation. Al 2 0 3 was provided by Degussa (Al 2 O 3 C). Methylaluminoxane (MAO, 30% in toluene) was from Witco, 4,4´-(hexafluoroisopropylidene)-diphenol from Fluka.
Mo(CH-t-Bu)(NAr)(OTf) 2 (dme) (Ar = 2,6-C 6 H 3 -i-Pr 2 ) was synthesized according to ref. [1] .
The preparation of the carrier based on γ-alumina, MAO and 4,4´-(hexafluoroisopropylidene)diphenol, and fixing of Mo(CH-t-Bu)(NAr)(OTf) 2 (dme) (Ar = 2,6-C 6 H 3 -i-Pr 2 ) on this carrier was published earlier [5] . The heterogeneous catalysts, which were employed in this report, had a molybdenum content of 0.5 wt.-% (inductively coupled plasma optical emission spectroscopy (ICP-OES) measurement [8]). Metathesis reactions were run in a continuous process (Scheme 2). The tubular steel reactor (50 mm length, 4 mm inner diameter, 6 mm outer diameter) was closed by steel screws with a mesh to avoid a loss of catalyst powder. The filled reactor had a free reaction volume of 0.26 ml. The pump (Perkin Elmer Series 10 Liquid Chromatography) was running with a flow of 0.05 ml/min. Steel capillaries connected the different parts of the system. The residence time distribution of the reactor was determined via a UV spectrometer. The average residence time was 6.7 min at a flow of 0.05 ml/min. The system was purified before use by pumping degassed toluene through it. The reactor itself was filled with the heterogeneous catalyst inside a glove box. The reactor was connected to the system under argon atmosphere in a glove bag, which was removed before starting kinetics. The reaction mixture was precipitated into methanol after passing the reactor. Kinetics were investigated by following the consumption of educts by GC measurements (HP 6890) with an internal alkane standard.
